Melanoma accounts for 3% of all tumors and about 7% of malignant tumors in dogs, with the primary tumor sites being the oral cavity (56%), lips (23%), skin (11%) and digits (8%) \[[@r5], [@r11]\]. The malignancy of canine melanoma varies dependent on the site of the primary lesion, with oral melanoma as the most common malignancy in dogs \[[@r1]\]. Radiation therapy is applied either alone or as an adjuvant therapy after surgery, but only a limited number of facilities can apply this treatment \[[@r2]\]. Although the literature reported that some canine melanomas respond to carboplatin, the ratio of complete response is quite low \[[@r7]\]. Therefore, the identification of novel therapeutic targets is required to improve treatment outcomes.

Protein phosphatase 2A (PP2A) is a well conserved serine/threonine phosphatase and an important tumor suppressor \[[@r20]\]. PP2A inhibits the tumorigenic potential, such as disordered cell proliferation and cancer cell stemness, by suppressing tumor-promoting signals, such as ERK1/2, Akt/PKB and c-Myc \[[@r16], [@r20]\]. SET/I2PP2A is a potent physiological inhibitor of PP2A, and the expression of SET is increased in various human cancers including breast cancer, pancreatic cancer, colorectal cancer and chronic myeloid leukemia \[[@r8], [@r9], [@r14], [@r18]\]. In human melanoma, SET knockdown (KD) suppressed tumor growth \[[@r8]\]. We previously reported that canine cells express several isoforms of the SET protein and showed that canine SETα protein has approximately 94% homology with human SETα \[[@r3]\].

OP449 is a peptide antagonist of SET, which directly binds to SET, leading to dissociation of PP2A from the inhibitor complex and allowing recovery of PP2A activity \[[@r4]\]. OP449 has been reported to decrease the tumorigenic potential of human B-cell chronic lymphocytic leukemia and breast cancer cells, and induce apoptosis \[[@r4], [@r14]\]. Previously, we reported OP449 recovers PP2A activity and induces apoptosis in canine lymphoma cells \[[@r10]\]. FTY720 (Fingolimod) is a sphingosine analog used as an immunosuppressant in human multiple sclerosis patients. FTY720 is phosphorylated by sphingosine kinase 2, and phospho-FTY720 downregulates sphingosine-1-phosphatase receptor 1. The nonphosphorylated form of FTY720 has been reported to directly interact with SET and recover PP2A activity \[[@r17]\]. These reports suggested the efficacy of SET inhibitors for canine tumors, however, the role of SET in tumorigenic potential of canine melanoma has not been investigated. Here, we show that knockdown of SET expression in a canine melanoma cell line leads to decreased cell proliferation, invasion and colony formation. OP449 and FTY720 recovered PP2A activity and showed anti-tumor effects on canine melanoma. Our data demonstrate the potential clinical application of SET inhibitors for canine melanoma.

MATERIALS AND METHODS {#s1}
=====================

*Cell culture*: Canine melanoma cell lines, CMGD2 and CMGD5, were kindly provided by Dr. Modiano (University of Minnesota). CMeC-1, CMeC-2, KMeC and LMeC were previously described \[[@r13]\]. All cells were grown in RPMI1640 containing 10% FBS and 1 × anti-biotic/anti-micotic (Life Techologies, Carlsbad, CA, U.S.A.).

*Antibodies*: Antibodies were obtained from the indicated supplier: anti-total PP2Ac (Merck Millipore, Billerica, MA, U.S.A.), p97/VCP (GeneTex, Irvine, CA, U.S.A.), anti-tubulin alpha (Thermo Scientific, Woburn, MA, U.S.A.), anti-phospho ERK p42/p44, anti-phospho-Ser473 Akt1 (Cell Signaling, Beverly, MA, U.S.A.), anti-β-catenin (BD Biosciences, San Jose, CA, U.S.A.), anti-c-Myc (Cell Signaling), anti-SET (Abcam, Cambridge, MA, U.S.A.), anti-phospho-Thr389 p70 S6 kinase (Cell Signaling) and anti-phospho-Ser536 p65 NFκB (Cell Signaling).

*Plasmid construction and lentivirus production*: The seYFP (Venus) in pLV-Venus \[[@r15]\] was replaced with mCherry (pLVmC). shRNA complementary DNA strands (19-mer sequences: non-target shRNA (shNT), 5′-CAACAAGATGAGAGCACCA-3′; SET targeting shRNA (shSET), 5′-GGATGAAGGTGAAGAAGAT-3′) with flanking sequences were annealed and ligated into the MluI/ClaI sites of pLVmC. To produce lentiviruses, 3 *µ*g of pLVSIN, 2.3 *µ*g of a packaging plasmid (psPAX2) and 1.3 *µ*g of a coat-protein plasmid expressing vesicular stomatitis virus G protein (pMD2.G) were transfected into Lenti-X 293T cells cultured in 60-mm dishes using PEI Max (Polysciences Inc., Warrington, PA, U.S.A.) according to the manufacturer's instruction. Viral supernatants were collected after 48 hr, and after filtering (0.22 *µ*m), were added to cells for 8 hr.

*Immunoblotting*: Immunoblotting was performed as previously described \[[@r19]\]. Briefly, cells were lysed in a buffer containing 50 mM Tris-HCl (pH 8.0), 5 mM ethylenediaminetetraacetic acid (EDTA) (pH 8.0), 5 mM ethylene glycol tetraacetic acid (EGTA), 1% Triton X100, 1 mM Na~3~VO~4~, 20 mM sodium pyrophosphate and Roche's complete protease inhibitor cocktail. The proteins were separated by SDS-PAGE and transferred onto PVDF membrane (Bio-Rad Laboratories, Hercules, CA, U.S.A.). Membranes were blocked with 0.5% skim milk and treated with primary antibodies. Immunoreactive bands were detected using ECL Western Blotting Detection System (GE Healthcare, Freiburg, Germany) and visualized using a LAS-3000 luminescent image analyzer (Fujifilm, Tokyo, Japan).

*Analysis of cell proliferation*: 5.0 × 10^3^ cells were seeded on 24-well plates, and after 3 days, Cell Counting Kit-8 (CCK8, Dojindo, Kumamoto, Japan.) was used to analyze cell proliferation according to the manufacturer's instruction.

*Matrigel invasion assay*: To examine cell invasion, invasion assay was performed by using transwell chambers (Costar, Cambridge, MA, U.S.A.). After the polycarbonate membranes with an 8 *µ*m pore were coated with 2% matrigel (BD Biosciences, San Jose, CA, U.S.A.), 1.5 × 10^4^ cells of CMeC-1 or 4 × 10^4^ cells of CMeC-2 in 200 *µl* media were added on the membrane (upper chamber). 880 *µl* of medium with 10% FBS was added on the lower chamber and cultured for 24 hr. The membranes were fixed with methanol for 15 min and stained with Giemsa solution (Muto Pure Chemicals, Tokyo, Japan). After the membranes were washed with distilled water, non-invaded cells were wiped with cotton-swab. The number of invaded cells through the membranes was randomly counted in 3 fields (× 400) under a light microscope (Eclipse TE2000, Nikon, Tokyo, Japan).

*Colony formation assay*: CMeC-1 (5.0 × 10^2^ cells) and CMeC-2 (1.0 × 10^3^ cells) were seeded on 60-mm dishes. After 1 week, cells were fixed with 99.5% ethanol, colonies were stained with Giemsa solution, and the number of colonies was counted.

*Analysis of effects of SET inhibitors*: 5.0 × 10^4^ cells were seeded on 12-well plates and treated with OP449 for 1 day or FTY720 for 2 days. Cells were detached with 100 *µl* of trypsin-EDTA and trypan blue solution was added in an equal volume. Surviving cells were counted by microscopy.

*PP2A activity assay*: PP2A activity assay was performed as previously described \[[@r10]\]. Briefly, cells were treated with OP449 (2.5 *µ*M) or FTY720 (10 *µ*M) for 2 hr and lysed in a buffer containing 50 mM MOPS (pH 7.4), 0.1% NP-40, 0.1 mM EGTA and Roche's complete protease inhibitor cocktail (Roche, Indianapolis, IN, U.S.A.). Cell lysates were treated with or without type 2A phosphatase inhibitor okadaic acid (10 nM, LC Laboratories,Woburn, MA, U.S.A.), and phosphatase reaction was performed in a reaction buffer containing 50 mM MOPS (pH 7.4), 24 mM MgCl~2~, 2 mM MnCl~2~, 0.03% 2-mercaptoethanol, 2.9% glycerol and 0.2 mM phospho-peptides (K-R-pT-I-R-R, Millipore, Billerica, MA, U.S.A.) for 20 min at room temperature. Concentration of released phosphate was analyzed by Malachite Green Assay. PP2A phosphatase activity was calculated by subtracting phosphatase activity levels in the presence of 10 nM okadaic acid treated samples from the phosphatase activity levels in the absences of any inhibitors.

*Statistical analysis*: The results are expressed as means ± S.E. Student's *t* test was used for comparison between two groups. Groups more than 3 were compared using one-way analysis of variance, after which Fisher LSD test was used. For all analyses, a probability value of *P*\<0.05 was considered statistically significant.

RESULTS {#s2}
=======

The protein expression levels of SET in 6 canine melanoma cell lines (CMeC-1, CMeC-2, KMeC, LMeC, CMGD2 and CMGD5) were examined by immunoblotting ([Fig. 1A and 1B](#fig_001){ref-type="fig"}Fig. 1.Protein levels of SET in various canine melanoma cell lines. (A, B) Protein levels of SET and PP2Ac in various canine melanoma cell lines were determined by immunoblotting. SET band densities were normalized to CMeC-1 as 100%. VCP (valosin containing protein) was used as a loading control. Representative picture (A) and quantitative data (B) from 3 independent experiments are shown. (C) Effects of non-target shRNA (shNT) and SET targeting shRNA (shSET) on SET protein levels were examined by immunoblotting. Representative pictures from 3 independent experiments are shown.). We observed relatively low level of SET protein in CMeC-2 and CMGD5. CMeC-1 is the primary tumor cell lines from skin origin, and CMeC-2 is the lung metastasis origin from CMeC-1 xenotransplantation. CMeC-2 expresses about 30% less SET protein than CMeC-1. We used these cells to generate cell lines stably expressing non-target shRNA (shNT) and SET targeting shRNA (shSET). As shown in [Fig. 1C](#fig_001){ref-type="fig"}, shSET effectively suppressed SET protein expression in both CMeC-1 and CMeC-2.

We examined the effects of SET knockdown (KD) on tumorigenic potential of canine melanoma cell lines. Interestingly, SET KD inhibited cell proliferation ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.SET knockdown suppresses cell proliferation of CMeC-2 cells. Cell proliferation of CMeC-1 (A) and CMeC-2 (B) expressing shNT and shSET was analyzed by Cell Counting Kit-8. Quantitative data from 2 independent experiments performed in duplicate are shown. \**P*\<0.05 vs. shNT.) and invasion ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.SET knockdown suppresses invasion of CMeC-2 cells. Invasion of CMeC-1 (A) and CMeC-2 (B) expressing shNT and shSET was analyzed by Matrigel invasion assay. Quantitative data from 2 independent experiments performed in duplicate are shown. \**P*\<0.05 vs. shNT.) of CMeC-2 (low SET expression), but not CMeC-1 (high SET expression), suggesting SET plays an important role in the tumorigenic potential of CMeC-2, and higher protein level of SET is not correlated with the effects of SET KD. Consistent with these data, the ability to form colonies with CMeC-2, but not CMeC-1, was suppressed by SET KD ([Fig. 4](#fig_004){ref-type="fig"}Fig. 4.SET knockdown suppresses colony formation of CMeC-2 cells. Colony formation ability of CMeC-1 (A) and CMeC-2 (B) expressing shNT and shSET was analyzed by colony formation assay. Quantitative data from 2 independent experiments performed in duplicate are shown. \**P*\<0.05 vs. shNT.). Immunoblotting was performed to clarify the cell signaling affected by SET KD ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.SET knockdown inhibits mTOR/p70 S6 kinase signaling. Immunoblotting was performed using indicated antibodies to analyze the effect of SET knockdown on intracellular signaling. Representative images (A) and quantitative data (B) for phospho-p70 S6 kinase from 3 independent experiments are shown. \**P*\<0.05, NS: not significantly different.). We observed Thr412 phosphorylation level of p70 S6 kinase (corresponding to human Thr389) was suppressed by SET KD in CMeC-2, suggesting the involvement of mTOR (mammalian target of rapamycin)/p70 S6K signaling. Phosphorylation levels of ERK1/2, Akt/PKB and p65 NFκB, and protein levels of β-catenin and c-Myc were not different between shNT and shSET, indicating these signaling pathways are not affected by SET KD.

Next, we examined the anti-tumor effects of SET inhibitors, OP449 and FTY720, on canine melanoma cell lines. OP449 dose-dependently decreased cell survival rate for both CMeC-1 and CMeC-2 ([Fig. 6A](#fig_006){ref-type="fig"}Fig. 6.SET inhibitors induce cell death in CMeC-2 cells. CMeC-1 and CMeC-2 were treated with indicated concentration of OP449 for 24 hr (A) or FTY720 for 48 hr (B). Cell viability was assessed by trypan blue exclusion assay. Quantitative data from 3--5 independent experiments are shown. \**P*\<0.05 vs. CMeC-1.). OP449 had more potent effects on CMeC-2. Consistent with this, FTY720 effectively killed CMeC-2, but did not affect cell survival rate of CMeC-1 ([Fig. 6B](#fig_006){ref-type="fig"}). We further examined whether SET inhibitors restored PP2A activity. Phosphatase activity in extracts of cells treated with or without 2.5 *µ*M of OP449 or 10 *µ*M of FTY720 for 2 hr was assayed with a relatively specific phosphopeptide (K-R-pT-I-R-R) as a substrate. As shown in [Fig. 7](#fig_007){ref-type="fig"}Fig. 7.SET inhibitors increase PP2A activity in CMeC-2 cells. CMeC-1 (A) and CMeC-2 (B) were treated with OP449 (2.5*µ*M) or FTY720 (10 *µ*M) for 2 hr, and PP2A activity was assayed. Quantitative data from 3--8 independent experiments are shown. \**P*\<0.05 vs. control (Cont.)., OP449 and FTY720 increased PP2A activity about 1.5 fold in CMeC-2, but did not change PP2A activity in CMeC-1. These data suggest that SET inhibitors effectively antagonize canine SET and exert anti-tumor effects.

DISCUSSION {#s3}
==========

In this study, we observed SET KD decreased tumorigenic potential of SET-low expressing CMeC-2, but not SET-high expressing CMeC-1. Consistent with this observation, SET inhibitors more effectively killed CMeC-2 melanoma cells. Although increased SET expression and its correlation with adverse prognosis were observed in various human tumors \[[@r6], [@r8]\], our unexpected results suggest that a higher level of SET expression does not always mean a higher contribution for tumorigenic potential. The molecular mechanism of this complexity remains unknown, but genetic mutations or differences in post-translational modifications on SET may contribute to this mechanism. Species differences may also play a role in this result, because dogs specifically express a carboxy-terminal truncated version of SET, which can associate with PP2A \[[@r22]\], but may not associate as well with other tumor suppressors.

We observed that SET KD decreased cell proliferation, invasion and colony formation of CMeC-2, indicating an important role of SET in the tumorigenic potential of CMeC-2. It has been reported that SET increases c-Myc protein levels \[[@r14]\], but we did not observe decreased c-Myc expression by SET KD in CMeC-2. ERK1/2, Akt/PKB, NFκB, Wnt/β-catenin and mTOR/p70 S6 kinase signaling are frequently upregulated in tumors, and PP2A has been reported to suppress these tumor promoting signals \[[@r16]\]. Among them, we observed decreased phosphorylation levels of p70 S6 kinase Thr412 (corresponding to human Thr389) by SET KD, which is the target of mTOR. Going further, it has been reported that PP2A directly associates with p70 S6 kinase, and knockdown of one of the regulatory subunits of PP2A enhances p70 S6 kinase Thr389 phosphorylation \[[@r12], [@r21]\]. These results suggest that SET KD restored PP2A activity which suppressed p70 S6 kinase phosphorylation, leading to decreased tumorigenic potential of canine melanoma cells.

We tested a potential therapeutic role for SET inhibitors, OP449 and FTY720, in canine melanoma. Previously, we reported that OP449 selectively induced apoptosis for SET high-expressing canine lymphoma cells \[[@r10]\]. However, in this study, both OP449 and FTY720 have more potent effects on SET low-expressing CMeC-2 cells. While protein levels of SET may be a biomarker for disease severity, these results do not support that SET levels predict the response of SET-targeting drugs in canine melanoma. Interestingly, effects of OP449 and FTY720 on CMeC-1 were different, i.e. 5 *µ*M of OP449 killed almost 60% of CMeC-1 in 24 hr, but even treatment with 10 *µ*M of FTY720 for 48 hr could not induce cell death, although it suppressed cell proliferation (data not shown). Because FTY720 is phosphorylated by sphingosine kinase 2, and phospho-FTY720 downregulates sphingosine-1-phosphatase receptor 1, a lack of potency, a lack of penetration into the cell or a PP2A independent mechanism may produce this inconsistency. Nonphosphorylated forms of FTY720, such as FTY720-Ome and FTY720-regioisomer, may provide effective tools to resolve this lack of effect.
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